When a child learns to read, the learning process can be enhanced by significant reading practice with individual support from a tutor. But in reality, the availability of teachers or clinicians is limited, so the additional use of a fully automated reading tutor would be beneficial for the child. This paper discusses our efforts to develop an automated reading tutor for Dutch. First, the dedicated speech recognition and synthesis modules in the reading tutor are described. Then, three diagnostic and remedial reading tutor tools are evaluated in practice and improved based on these evaluations: (1) automatic assessment of a child's reading level, (2) oral feedback to a child at the phoneme, syllable or word level, and (3) tracking where a child is reading, for automated screen advancement or for direct feedback to the child. In general, the presented tools work in a satisfactory way, including for children with known reading disabilities.
it is often difficult to provide the child with sufficient practice and support.
7
Therefore, a fully automated reading tutor, able to track the child's reading 8 progress and to accurately detect reading errors on the one hand, and able 9 to act as a fluent reading model (to read aloud for the child, read along with 10 the child etc.) and to give adequate personalised feedback on the other hand, 11 would be beneficial.
12
This paper discusses our efforts to develop an automated reading tutor for on the SPACE project can be found on its website 1 .
19
In the literature, many systems for CALL (computer-assisted language learn-20 ing) have been described that incorporate language and speech technology.
21
However, it can be concluded from the proceedings of recent workshops on 
27
Literature on CALL systems for children, including reading tutors, is more 28 scarce, especially papers on systems that have been evaluated in practice on 29 children in general, and on children with reading difficulties in particular.
30
One important reason for this is that the development of CALL systems for 31 children, especially the speech recognition and synthesis modules in it, is a 32 very challenging task due to reading-related and child-related development 
53
• Management of the student, to define which student should do what tasks.
54
• Management of the recordings, including diagnostic tools for the supervisor.
55
• Making of the recordings, which allows the student to do the tasks.
56
The reading tutor was mainly used (1) to record the Chorec database (see text analysis, and a language-independent back-end providing unit selection.
81
In our case, text analysis is performed by an adapted version of the front-82 end of the Dutch diphone synthesiser, NeXTeNS (Kerkhoff and Marsi, 2002) .
83
Three main changes were implemented:
84
• The lexicon is adapted in order to match Flemish pronunciation.
85
• The post-lexical rules are not used, so as to match the labeling of the speech 86 database.
87
• Phoneme-by-phoneme mode.
152
In most current speech synthesisers, orthographic spelling mode, or letter-by- to attract the attention of the child to this particular phoneme. Note that 158 stress here does not mean lexical stress.
159
An overview of the phoneme-by-phoneme mode synthesis is given in figure 1. phoneme from the speaker in two versions: with stress and without stress.
164
No signal processing is involved.
165
The input text is processed into a list of words. Words are converted into a 166 stream of phonemes using a lexicon and grapheme-to-phoneme conversion. The Syllable-by-syllable mode.
174
The purpose of this reading mode is to synthesise speech as either isolated to a recognition system which we use for large-vocabulary continuous speech.
186
This section describes the acoustic modelling, the search engine(s) and the 187 language models involved in the system.
188
The acoustic modelling is based on a 22-hour read speech database in Dutch,
189
which is different from the databases we used for the experiments below in In the second layer, the task-dependent information is modelled. As the sen-
213
tence that should be read is known in a reading tutor, we opted for a finite- words. Since timing is known from the recording, we only need to know, for 261 every word, whether it was read correctly, to deduce a score for an individual.
262
Therefore, a human score can be determined from a manual annotation, while number is 55, 32 and 9 only for the three tasks respectively. Therefore, we will 280 not report classification results for the 3-and 4-syllable word task for grade 1.
281
To automatically decide if a word was read correctly, we used the recognition 282 system with 2 layers described in section 2. 
Experimental results

289
Improvements over the baseline.
290
In the baseline, a word recognised as being read correctly contributes one in 291 the score calculation. But the recogniser is not always correct, so we improved 292 on that by contributing only the probability that the word is really read cor-293 rectly given that it was recognised as correct. This task-dependent probability 294 is estimated from the Chorec data. Similarly, for words recognised as read 295 wrongly, we contribute the probability for a false alarm given that the word is 296 recognised as wrong (rather than contributing zero as in the baseline). In the 297 result tables, we call this system general probabilities.
298
Furthermore, we found that these probabilities depend on the width of the 299 phoneme lattice that is generated by the first pass of the recogniser (more 300 precisely, we use the average phoneme lattice width over the final attempt 301 by the child for that word). This dependency is shown in figure 3 for the 1- significant improvement from the baseline to the systems with probabilities.
319
The systems with probabilities perform equally on average. The value of the 320 added information in the system with lattice-width-dependent probabilities 321 seems to be too small to improve the classification.
322
Human-human vs. human-machine agreements. 
372
Additionally, the SPACE project has made an effort to build a synthesiser that 373 is able to emphasise particular phonemes in phoneme-by-phoneme feedback.
374
Inspiration for this feature comes from reading therapy experience that shows 375 a tendency to emphasise the wrongly read phoneme in a word. For example, if 376 a child has to read the word wood but reads the word mood instead, the human 377 tutor tends to overemphasise the phoneme /w/ in the segmental (phoneme-378 by-phoneme) feedback presented to the child.
379
To evaluate the reading tutor's speech synthesis abilities, an intervention study In an automated reading tutor, it is also important to track where the child 440 is reading so that the progress through the reading task is known. As ex- read. This tracker can be used for diagnostic and for remedial purposes. On 445 the one hand, the tracker will be used for advancing automatically from one 446 screen to the next in reading tasks that are presented on consecutive screens.
447
On the other hand, the tracker can be used for generating feedback to the 448 child, for instance, by highlighting the word he/she should read. This section 449 presents our practical tests on children with known reading disabilities using 450 the reading tutor supported by automatic tracking, and the improvements to 451 our system based on the tests. by one on the screen, the stories are presented on 4 or 5 consecutive screens.
458
To prevent the children from getting confused when the tracker was making 459 15 a mistake, they were told that even a computer can make mistakes, and that 460 they did not need to pay attention to the computer's possible mishearings.
461
In total, the examiner had to intervene twice by reading the word herself, • Minimal time of screen appearance: avoids that the system advances before
473
anyone can read the screen.
474
• Maximal time of screen appearance: forces the system to advance, so that 475 the system will not get stuck just because the tracker does.
476
• Amount of time the tracker feedback indicates the child is ready before the 477 tutor really advances to the next screen, typically this is about 1 second. tracker feedback is shown directly on the screen.
514
• On the other hand, robustness is added to the system by allowing the teacher 515 to set a maximum reading speed (in characters per second). If the tracker 516 erroneously skips several words, the highlighted word will follow only slowly, 517 so that the tracker is able to correct its error. At the word recognition level, the slow/accurate-fast/inaccurate dichotomy has been associated with the indirect versus direct word approach (Coltheart, 1978) . 
